An ultra-performance liquid chromatographic method for simultaneous determination of rosuvastatin and rosuvastatin degradation products was developed and optimized by using fractional factorial experimental design. Optimized method is capable to accurately determine all potential degradation products of rosuvastatin. During the optimization the effect of four chosen chromatographic factors was evaluated. The analytical method operational design region was modeled using Umetrics MODDE software and optimal chromatographic conditions were predicted. The results of the model show that the most important factors to reach good separation between the peaks of rosuvastatin impurities are the pH of buffer solution and the amount of ACN and THF in the mobile phase. The final optimized method using QbD approach was validated for linearity, accuracy and precision for determination of rosuvastatin and rosuvastatin degradation products in rosuvastatin pharmaceutical dosage forms. Limit of detection and quantification were determined for two known specified impurities. The use of experimental designs enabled us to obtain the maximum amount of information about the analytical method design region. Optimization of the method was done without additional experiments, only weighing the responses and rebuilding the statistical model. This approach is very cost-effective when evaluating a variety of different factors and their interactions.
Introduction
Rosuvastatin belongs to the statin class of pharmaceutical substances that are used for lowering of low-density lipoprotein cholesterol (LDL-C).
Rosuvastatin is mainly administered as a calcium salt of the active hydroxy acid in tablets with 2.5, 5, 10, 20 or 40 mg of rosuvastatin (RSV). Rosuvastatin substance is chemically not stable and degrades into many known and unknown degradation products under different stress conditions (thermal, oxidative, and/or photolytic) 1 . The structural formulas of rosuvastatin and its known impurities are shown in Figure 1 .
It is a white amorphous powder only sparingly soluble in water and slightly soluble in ethanol. It contains a polar methane sulphonamide group that interacts with the HMG-CoA reductase. 2, 3 Efforts for applying concepts of quality by design (QbD) principles to analytical method development have increased in recent years in order to achieve more accurate, robust and rigged analytical methods which are used for better control strategy of production processes. [4] [5] [6] While quality by design principles are well known and adopted for the development of pharmaceutical products, 7, 8 QbD concept has not yet been fully adopted for analytical method development and optimization.
Different experimental designs are used for the evaluation of the effects of different factors and their interactions for process optimization and design space modeling. Compatibility studies between the drug substance and other excipients performed by experimental designs are also described in literature. 9 Maximum amount of obtained information with the smallest possible number of experiments was achieved by this approach. 9 Effect of dif-ferent process and formulation parameters on chemical stability of the final drug product was also studied by using fractional factorial designs. 10 The same principles of QbD can be applied to analytical method development/optimization in order to develop more robust analytical methods and determine the analytical method operation design region. 11, 12 The proposed concept is designed around the analytical target profile (ATP), which predefines the requirements for the analytical method. During the development phase of the analytical method one must show that the analytical method confirms to the criteria set in the ATP. 13 Use of experimental designs (DoE) in order to assess the multidimensional combination and interactions of factors that could affect the measurements is suggested. 14 Different experimental designs can be used and are described in the literature to evaluate the effect of different chromatographic parameters such as a buffer pH value, column temperature, percentage of organic modifier in the mobile phase and others. [15] [16] [17] The same concepts can be applied not only to chromatographic analytical methods, but also to other analytical techniques such as Karl Fisher titration for water content determination. 18 To assure the quality of pharmaceutical dosage forms containing rosuvastatin calcium as active ingredient, the assay of rosuvastatin and its degradation products needs to be controlled by a validated analytical method. Various analytical methods have been reported in the literature for determination of rosuvastatin in different pharmaceutical dosage forms including combinational products. These include HPTLC, 19 HPLC with ultraviolet detection [20] [21] [22] [23] [24] and UPLC with ultraviolet detection. 25 Different HPLC methods with ultraviolet detection have been published for the determination of rosuvastatin degradation products. [25] [26] [27] Several methods have also been published for the determination of rosuvastatin in biological fluids using RP-HPLC/UV detection 28 or LC/MS. 29 The objective of this work was to develop a new analytical method that could simultaneously be used for the determination of rosuvastatin and rosuvastatin degradation products in rosuvastatin pharmaceutical dosage forms. The method has to be stability indicating 30 and capable to detect all changes in product quality during stability testing at various stability conditions according to regulatory requirements (accelerated, long-term or stress stability). 31 Simultaneous determination of rosuvastatin and its degradation products with one analytical method is a great benefit regarding time and resources, taking into account the number of samples that need to be analyzed during the stability studies for regulatory purposes. In addition the method should be accurate, precise and linear with acceptable limit of detection and qualification for all specified impurities (RSV oxo and RSV lactone). 32 The development of the method was done by using QbD principles. The optimization step of the development was performed using experimental designs and analytical method operational design region modeling. A degraded sample from two different stress conditions (photolytic and acidic conditions) was used for the final optimization step.
Experimental

1. Chemicals and Reagents
Anhydrous acetic acid (CH 3 COOH), ammonium acetate (CH 3 COONH 4 ), tetrahydrofuran (THF) purchased from Merck KGaA (Darmstadt, Germany), acetonitrile (CH 3 CN -ACN) purchased from J.T. Baker (Avantor Performance Materials, Center Valley, PA) were used for preparation of mobile phases and solvents. Acetonitrile and tetrahydrofuran were of HPLC grade, all other chemicals were of analytical grade.
Milli-Q water purification system (Millipore Corp., Bedford, MA) was used to obtain highly purified water used for all aqueous solutions.
In-house rosuvastatin tert-octylammonium working standard, rosuvastatin oxo tert-octylammonium and rosuvastatin lactone identification standards were used for preparation of standard solutions used for validation and analysis of drug product.
Stock buffer solutions with different pH were prepared by weighing 1.54 g of ammonium acetate and dissolving in 1000 mL of highly purified water. pH of buffer solution was adjusted to defined pH value using anhydrous acetic acid.
Mixture of stock buffer solution : acetonitrile = 600 : 400 (v/v) was used as solvent for standard and sample preparation.
Equipment
Experiments were performed on a Waters Acquity UPLC separation module, equipped with a quaternary gradient pump, temperature controlled column heater, sampler manager and dual wavelength UV detector (Waters Corporation, Milford, MA). Instrument control was performed using Empower 3 Software for chromatography (Waters Corporation, Milford, MA). Same software was used for data acquisition and processing of results.
Waters Acquity UPLC HSS C18 analytical chromatographic column (100 × 2.1mm, 1.8 µm) provided by Waters Corporation (Milford, MA) was used for all optimization experiments.
pH measurements and adjustments were performed with Mettler-Toledo SevenMulti pH meter using a Mettler-Toledo InLab Expert Pro pH electrode (Mettler-Toledo LLC, Columbus, OH).
Mobile phases were vacuum filtered prior the use through Omnipore TM 0.1 µm JV filter, purchased from Millipore (Billerica, MA).
Suntest chamber Atlas SUNTEST XLS+ (Atlas, Mount Prospect, IL) was used to expose sample solutions to artificial sunlight according to ICH guideline for Photostability. 33 Samples and standard solutions were filtered through Millipore Millex-GV Hydrophilic PVDF 0.22 µm disk filters, purchased from Millipore (Billerica, MA), before the analysis was performed using UPLC method.
3. Analytical Method
Fast gradient UPLC method was developed for simultaneous determination of rosuvastatin and its degradation products in rosuvastatin formulations with a single injection of the sample and UV detection at two different wavelengths. The initial chromatographic conditions are summarized in Table 1 .
The initial method was optimized due to the insufficient resolution between rosuvastatin peak (RSV) and RSV diastereoisomer as presented in the chromatogram of peak identification solutions shown in Figure 2 .
We have optimized the initial chromatographic parameters using a fractional factorial experimental design. The goal of the optimization was to achieve better resolution between rosuvastatin peak and rosuvastatin diastereoisomer and not worsen the resolution between other peaks of degradation products within the chromatogram.
4. Standard Solutions
Stock standard solution of rosuvastatin working standard (0.5 mg/mL) was prepared by dissolving appropriate amount of rosuvastatin working standard in solvent.
Working concentrations of rosuvastatin standard solutions were achieved by diluting the stock standard solution with solvent to concentration 2.5 µg/mL (used for the quantitation of degradation products) and concentration 0.25 µg/mL (used for signal-to-noise determination).
Stock standard solution was used for assay determination of rosuvastatin.
Different concentrations of standard solution used in the validation were achieved by diluting the stock standard solution with solvent.
Stock solutions of rosuvastatin oxo (100 μg/mL) and rosuvastatin lactone (100 μg/mL) standards were prepared by dissolving appropriate amount of rosuvastatin oxo or rosuvastatin lactone standard in solvent. Stock solutions were used to prepare spiked samples at appropriate concentration levels used in the validation study.
All standard solutions were filtered through Millipore Millex-GV Hydrophilic PVDF 0.22 µm filter into vials.
5. Analysis of Samples
Samples were prepared by dissolving 10 rosuvastatin tablets in appropriate volume of solvent to acquire a concentration 0.5 mg/mL of rosuvastatin. In addition, ultrasonic bath was used to achieve complete disintegration of the tablets.
All sample solutions were filtered through Millipore Millex-GV Hydrophilic PVDF 0.22 µm filter into vials and analyzed with the analytical method.
To evaluate a resolution between unknown impurity X and RSV lactone impurity a degraded sample of rosuvastatin tablets was prepared. Two stock sample solutions were exposed to different degradation conditions. One sample solution was exposed to artificial sunlight under which the unknown impurity X was formed. Hydrochloric acid was added to the second sample solution, as rosuvastatin lactone impurity is known to form under acidic conditions. Both samples were mixed in 1 : 1 (v/v) ratio to obtain a sample that was used for optimization purposes.
Results and Discussion
1. Chromatographic Condition Optimization
Screening of the influence of four chromatographic factors on different chromatographic responses was performed as the initial step of analytical method optimization. A randomized fractional factorial experimental design (2 ) of resolution IV with central point was used. Buffer pH, amount of acetonitrile in mobile phase A, the amount of organic modifier tetrahydrofuran in mobile phase A and column temperature were selected as factors of interest, and were used to generate the fractional factorial experimental design. All factors and their corresponding levels are shown in Table 2 .
Fractional factorial experimental design was generated using Umetrics MODDE 11.0 software.
Eleven experiments presented in Table 4 were carried out according to the generated experimental design. Three central point experiments (experiment N9, N10 and N11) were also included for the determination of experimental error. All experiments were carried out in a randomized order (run order) in order to eliminate any systematic errors.
Six chromatographic responses presented in Table 3 were selected and measured for all performed experiments: resolution between rosuvastatin (RSV) peak and RSV diastereoisomer (Res 1), resolution between impurity X peak and RSV lactone peak (Res 2), resolution between RSV lactone peak and RSV dehydro impurity peak (Res 3), number of theoretical plates of rosuvastatin peak (N), symmetry factor for rosuvastatin peak (T) and retention time or rosuvastatin peak (Rt).
The results of experiments are presented in Table 4 . All obtained and collected response measurements were processed with Umetrics MODDE software. Partial least squares (PLS) multivariate method of simultaneously estimating the models for all the responses was used for fitting and optimizing the statistical model. PLS method This provides an overview of the relationship between the responses and factors to determine the proper effect on all responses obtained within the statistical model.
The main effects of factors were identified for each response using the statistical model and are presented in Figure 3 .
Higher amount of ACN and THF in the mobile phase A have negative effect on theoretical plates of RSV peak (N), as presented in Figure 3 . In addition, higher level of these two factors also has a negative effect on symmetry factor of RSV peak (T) and retention time of RSV peak (Rt). Higher amount of ACN and THF in the mobile phase A with the combination of higher column temperature also have negative effect on the resolution between RSV peak and RSV diastereoisomer (Res 1).
On the contrary, higher amount of ACN and THF in the mobile phase A have positive effect on resolution between impurity X peak and RSV lactone peak (Res 2), by improving the resolution between these two peaks. The most significant factors affecting the resolution between RSV lactone peak and RSV dehydro peak (Res 3) are buffer solution pH with negative effect and the amount of THF in the mobile phase A with positive effect.
Reducing the amount of ACN in the mobile phase A and reducing the buffer solution pH would lead to better responses of all measured resolutions.
All non-significant factors were excluded from the statistical model and the model was refitted.
Using MODDE integrated sweet spot analysis tool, the analytical operational design region was modeled. Appropriate suitability criteria were assigned to all the responses measured (see Table 3 ). Using the analysis tool the optimal chromatographic conditions were predicted (Figure 4) .
The analytical method operational design region is presented for all four evaluated factors from the sweet spot diagram in Figure 4 . The green area represents the part of the operational design region where all from statistical model calculated responses fulfil the criteria set for individual responses. This area is called the sweet spot. The black cross represents the optimal conditions as predicted by MODDE software tool. The outcome of the sweet spot analysis is in line with our preliminary conclusions obtained from the main effects plot (Figure 3) . The sweet spot calculated by MODDE software tool is achieved by lowering buffer solution pH, reducing the amount of ACN in the mobile phase A and raising the column temperature. No additional change was made to the amount of the THF in the mobile phase. The chromatographic parameters of the initial sweet spot analysis are presented in Table 5 (initial sweet spot conditions) and in Figure 4 (marked with a star) .
Using the suggested sweet spot chromatographic conditions, the degraded sample mixture was analyzed.
Chromatograms of degraded sample mixture (shown as a blue lines) and peak identification solution obtained with chromatographic conditions of the initial sweet spot and final sweet spot conditions (shown as black lines) are presented in Figure 6 .
The resolution between impurity X peak and RSV lactone peak was not satisfactory when proposed initial sweet spot conditions were used while considerably better resolution between RSV and RSV diastereoisomer peak was achieved.
Since we had a statistical model for the analytical method operational design region no additional experiments were performed. MODDE sweet spot analysis was performed once again by weighing the importance of different responses measured. Resolution between RSV peak and RSV diastereoisomer peak (Res 1) and resolution between impurity X peak and RSV lactone peak (Res 2) were assigned with the highest weights, while the weights for all other responses were reduced. This way the sweet spot tool was forced to find a spot with a satisfactory resolution between the critical pairs of impurities and not achieving the acceptance criteria for other responses. Additionally, the criteria for resolution between impurity X peak and RSV lactone peak (Res 2) was also tightened. After running the sweet spot analysis again with the weighted responses, the new suggested sweet spot was calculated. The analytical method operational design region was modeled again and is presented in Figure 5 . pH buffer solution value was fixed to 3.3 and column temperature to 35 °C. New optimal chromatographic conditions proposed by MODDE optimizer are marked with a cross.
The resolution between the unknown impurity X and RSV lactone could be improved with higher amounts of THF in the mobile phase. Suggested chromatographic parameters are presented in Table 5 (final sweet spot conditions).
The chromatogram obtained with the final sweet spot chromatographic conditions ( Figure 6 bottom) shows significantly improved resolution between the impurity X peak and RSV lactone peak. The resolution between RSV peak and RSV diastereoisomer is significantly better than with the initial method. Despite all the method changes overall runtime of the analysis method was not prolonged.
2. Analytical Method Validation
The optimized analytical method was validated for determination of rosuvastatin and rosuvastatin degradation products in rosuvastatin tablets. Linearity, precision, accuracy, limit of detection and quantification were determined for main compound rosuvastatin and both specified degradation products RSV oxo and RSV lactone. The acceptance criteria for different validation parameters were set in line with ICH requirements. 
2. 1. Linearity and Working Range
The linearity of the method for determination of rosuvastatin was determined by using nine different standard solutions of rosuvastatin working standard. All solutions were prepared in three replicates. The covered concentration range was from 0.25 mg/mL to 0.75 mg/mL (50-150% of target concentration. The linearity of rosuvastatin was determined using nine different solutions of rosuvastatin working standard prepared in three replicates for determination of related substances. The concentration range covered was from 0.15 µg/mL to 6.0 µg/mL (0.03-1.2%). For rosuvastatin lactone and rosuvastatin oxo impurities, the linearity was determined using six different standard solutions prepared in three replicates. The concentration range covered for rosuvastatin lactone was 0.15 µg/mL to 6.0 µg/mL (0.03-1.2 %) and for rosuvastatin oxo 0.25 µg/mL to 3.0 µg/mL (0.05-0.6 %). The obtained linear regression results are presented in Table 6 .
The response of all components was found to be linear in the tested concentration range. Good correlation coefficient (> 0.99) was obtained for all components.
2. 2. Precision
Repeatability of the analytical system for determination of rosuvastatin was check at the target concentration of rosuvastatin (0.5 mg/mL) by six replicate injections of the sample solution.
Repeatability was also validated for known rosuvastatin impurities RSV lactone and RSV oxo. The results of individual impurities are expressed as % (percentage) of RSV lactone and % of RSV oxo. The obtained results and RSD of the measurements are presented in Table 7 .
Intermediate precision was performed by injecting six sample solution replicates. The study was done by different analyst that performed the analysis on different days, different chromatographic systems and different UPLC columns. All together six different variations were performed. Assay of rosuvastatin, % of RSV lactone and % of RSV oxo were measured. The results are presented in Table 7 .
The results in Table 7 demonstrate good precision of the method for assay determination, RSD value < 1.0%. The precision for individual impurities was found to be acceptable as the criteria for RSD (n = 6 or 36) of the impurities measured at this level was set to < 20 %. 
2. Accuracy
The accuracy of the proposed analytical method was checked at three concentration levels. For rosuvastatin determination the range was from 70%-130% of the target assay determination concentration. For the determination of degradation products, the accuracy for rosuvastatin was checked in range 0.03 % (0.15 µg/mL)-0.24 % (1.2 µg/mL), for RSV lactone in range 0.03 % (0.15 µg/mL)-1.2 % (6.0 µg/mL) and for RSV oxo in range 0.05 % (0.25 µg/mL)-0.6 % (3.0 µg/mL).
All samples were prepared by spiking the appropriate amount of a component into a placebo solution. Spiked samples were prepared in three replicates and analyzed by the proposed optimized analytical method. The recovery factor was calculated and obtained results are presented in Table 8 .
As presented in Table 8 the recovery for the determination of rosuvastatin is acceptable. Individual recovery values were within ≤ 100 ± 3 % and the RSD (n=3) of the obtained recovery values was below 2 %, demonstrating good accuracy of the method for determination of rosuvastatin in rosuvastatin drug products.
The accuracy for degradation products determination was also satisfactory for all components. The calculated recovery was within 80-120% for all components and the RS-D (n=3) of the obtained recovery values was below 20%.
2. 4. Limit of Detection
The detection limits were determined on the basis of signal-to-noise (S/N) ratio ≥ 3 : 1 according to ICH guidelines. The signal-to-noise values and calculated LOD concentrations are presented in Table 9 .
The calculated obtained LOD concentration are 0.009 µg/mL for rosuvastatin, 0.009 µg/mL for RSV lac- tone and 0.028 µg/mL for RSV oxo impurity. The determined S/N ratios are higher than required 3, however lower quantification limits are not needed since the reporting limit for impurities is 0.05% with respect to the concentration of rosuvastatin in the sample.
2. 5. Limit of Quantification
The quantitation limits were determined on the basis of signal-to-noise (S/N) ratio ≥ 10 : 1 according to ICH guidelines. The signal-to-noise values and calculated LOQ concentrations are presented in Table 10 .
The calculated obtained LOQ concentration are 0.029 µg/mL for rosuvastatin, 0.031 µg/mL for RSV lactone and 0.097 µg/mL for RSV oxo impurity. The determined S/N ratios are higher than required 10, but lower quantification limits are not needed as the reporting limit for impurities is 0.05% with respect to the concentration of rosuvastatin in the sample.
Conclusions
The optimization of a new analytical method capable of simultaneous determination of rosuvastatin assay and its degradation products in rosuvastatin drug products was performed with a single fractional factorial experimental design. Only 11 experiments were needed for the optimization, while at least 16 experiments would be needed to cover the same analytical method operational region of the first optimization step with a traditional one factor at time (OFAT) approach.
During the optimization, it was demonstrated that it is necessary to do the optimization of analytical methods with a sample that contains all possible degradation products. The degradation of the sample in this article was performed by artificial sun-light and acid hydrolysis as this was proven to be the most stability indicating condition for rosuvastatin.
It was shown that with the appropriate statistical model of the analytical method operational region one can also do the optimization with no additional experiments, if the outcome of the first trial is not satisfactory. The responses can be weighted and the sweet-spot analysis run again on the same set of experiments.
The final analytical method optimized with QbD approach was validated according to ICHQ2R1 guideline. 32 The method was found to be linear, accurate and precise for both rosuvastatin assay determination and determination of rosuvastatin degradation products. The validated method was successfully applied for rosuvastatin drug products.
The final optimized method is stability indicating and is capable to detect all changes in the rosuvastatin product(s) that are stored at different storage and stress stability conditions. It enables to determine the content of rosuvastatin and its degradation products in a single injection run. This optimization reflects in saving of time and resources since one stability study includes hundreds of samples tested during the product's shelf life. 
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